Abstract: An α-amylase from Thermoactinomyces vulgaris, TVA I, hydrolyzes both α-1,4-and α-1,6-glucosidic linkages. Two variants of TVA I have been previously constructed, one containing a substitution of three residues, Ala357-Gln359-Tyr360, with Val-Asn-Glu (AQY/VNE), and the other bearing a deletion of 11 residues from Ala363 to Asn373 (Del11). The activities of both AQY/VNE and Del11 for the α-1,4-glucosidic linkage of maltotriose were decreased compared to that of wild-type TVA I, while the activities of the two variants for the α-1,6-glucosidic linkage of a trisaccharide, isopanose, were less significantly altered. Here, we determined the crystal structures of AQY/VNE and Del11. The structure of AQY/VNE was almost isomorphous with that of wild-type TVA I. On the other hand, the structure of Del11 showed that a conformational change in domain B was induced by the 11-residue deletion, causing narrowing of the catalytic cleft. Taken together with the results of kinetic analysis, this narrower catalytic cleft is likely responsible for the preference of the TVA I enzyme for the α-1,6-glucosidic linkage.
Introduction
The glycoside hydrolase (GH) family 13 contains α-amylases and related enzymes, which catalyze hydrolysis and transglycosylation at α-1,4-and α-1,6-glucosidic linkages (reviewed in [1] ). Family GH13 enzymes share a common domain architecture, consisting of domains A, B, and C, and many GH13 enzymes also possess additional domains. Domain A consists of a (β/α) 8 barrel, comprising the structural elements from the β1 strand to the α8 helix. Domain C consists of a β-sandwich fold. Domain B is a small component inserted between the β3 strand and α3 helix of domain A, and forms a substrate-binding cleft together with domain A. Domain B has been reported to contribute to the total flexibility of enzymes [2, 3] , but it is unclear how the structure of domain B changes during catalysis, as no significant conformational changes in the subsites at the -2, -1, +1, and +2 positions of GH13 enzymes upon substrate binding have yet been reported [4] . GH13 enzymes act through a retaining mechanism, and there are seven conserved regions, CSR-I to CSR-VII, in their amino acid sequences [1] . Three catalytic residues, aspartic acid in CSR-II, glutamic acid in CSR-III, and aspartic acid in CSR-IV, function as a catalytic nucleophile, an acid/base catalyst, and a transition-state stabilizer, respectively.
Two GH13 α-amylases from Thermoactinomyces vulgaris, TVA I and TVA II, hydrolyze the α-1,4-glucosidic linkage of maltotriose, as well as the α-1,6-glucosidic linkage of a trisaccharide, isopanose (Fig. 1A) [5, 6] . The two enzymes have originally been identified as α-amylases that hydrolyze pullulan, a linear polysaccharide consisting of maltotriosyl repeating units joined by α-1,6-glucosidic linkages, in an neopullulanase-type manner [6] [7] [8] [9] . GH13 has been officially divided into more than forty subfamilies [10] ; TVA I and TVA II are classified into subfamilies GH13_21 and GH13_20, respectively. The subfamilies GH13_20 and GH13_21 have been originally defined together as the so-called neopullulanase subfamily [11, 12] .
Although the substrate specificities of TVA I and TVA II are similar, TVA I prefers polysaccharides (starch and pullulan), while TVA II efficiently hydrolyzes cyclodextrins and maltooligosaccharides [6] . We have determined the crystal structure of TVA I (Fig. 1B) [13] . We have also constructed TVA I variants based on the alignment of the latter part of CSR-II of TVA I and TVA II, and the following variants have been constructed: Del11, in which the 11-amino acid residues, ANGNNGSDVTN (designated here as the Loop-11), was deleted, and AQY/ VNE, in which Ala357, Gln359, and Tyr360 were replaced by valine, asparagine, and glutamic acid, respectively (Fig. 1C) [14] . The kinetic parameters of Del11 and AQY/VNE were determined, and the results showed that the k cat /K m values of both Del11 and AQY/VNE for the α-1,4-glucosidic linkage of maltotriose were decreased, 27% and 4.06%, respectively, compared to that of wild-type (WT) TVA I, while the decrease of those for the α-1,6-glucosidic linkage of isopanose was less marked (46.6% and 55.1% compared to that of WT TVA I) ( Table 1) . Mutagenesis studies of Figure 1 . Enzymatic properties and structure of TVA I. (A) Schematic action pattern of TVA I for pullulan, maltotriose, and isopanose. Symbols: circle, glucose; circle with slash mark; glucose with reducing end; -, α-1,4-glucosidic linkage; ↓, α-1,6-glucosidic linkage; bold gray arrow, enzymatic cleavage point. (B) Overall structure of TVA I. Domains N, A, B, and C are indicated in cyan, gray, green, and red, respectively. Loop-11 is shown in blue. Ala357, Gln359, and Tyr360 are shown as magenta sticks. (C) Sequence alignment of the latter part of CSR-II of TVA I and TVA II. Symbols: red asterisk, catalytic nucleophile Asp356; AQY, Ala357/Gln359/Tyr360; Loop-11, the extra 11 residues found in TVA I; CSR II, conserved region II. Bars represent gaps introduced during the alignment process. some other GH13 enzymes have shown that the type of residue that is present following the catalytic nucleophile aspartate residue (i.e., Ala357 in TVA I) is related to the preference for the α-1,4-and α-1,6-glucosidic linkages [15] [16] [17] . However, Ala357 was not mutated in the Del11 variant, and thus the mechanism underlying the preference for the α-1,4-and α-1,6-glucosidic linkages remains unclear.
It is intriguing that the AQY/VNE and Del11 mutations produced similar effects on the specificity of TVA I despite the fact that the positions of the mutations are different between the two variants, although the effects observed in Del11 were less significant than those in AQY/VNE. Here, we have determined the kinetic parameters of some TVA I variants, as well as the crystal structures of Del11 and AQY/VNE. The results indicated that Del11 exhibits a conformational change in domain B, which is likely to be associated with the change in substrate preference.
Materials and methods

Preparation of TVA I and the variants
Plasmids encoding TVA I WT, Del11, and AQY/VNE, which are derivatives of pUC119 (Takara Bio, Otsu, Japan), have been previously constructed [14] . Oligonucleotidedirected mutagenesis was carried out using a QuikChange site-directed mutagenesis kit (Agilent Technologies, Santa Clara, CA, USA) using the plasmid encoding TVA I WT as the template. Oligonucleotides 5'-TGG CGG CTC GAT GTT GCG CAA TAT GTT GAC-3', 5'-TGG CGG CTC GAT CTT GCG CAA TAT GTT GAC-3', and 5'-GAT GCA GCA CAA GCT GTC GAC GCA AAT GGC-3', and their complementary strands, were used for construction of the A357V, A357L, and Y360A variants, respectively. All the constructs used were verified by DNA sequencing. TVA I WT and the variants were expressed in Escherichia coli and purified as described [6] .
Activity measurements and thin-layer chromatography (TLC)
Isopanose and panosyl-α-1,4-panose (P2) were prepared as described [18, 19] . The enzymatic activities were assayed as described [6] . Briefly, the reaction was carried out in 80 mM sodium acetate buffer (pH 5.0) at 40°C. The products were analyzed by the Nelson-Somogyi method for pullulan (Hayashibara Biochemical Laboratories, Okayama, Japan) by monitoring the reducing power of the hydrolysate. For maltotriose (Hayashibara Biochemical Laboratories) and isopanose, the glucose produced was quantified by the glucose-oxidase/peroxidase methods. One unit (U) of 0.8% (w/v) pullulan-hydrolyzing activity was defined as the amount of enzyme that catalyzed the hydrolysis of 1 µmol of glucosidic linkages per min. TLC was carried out as follows. The purified enzyme (6 mU) was incubated with 0.9% (w/v) pullulan or P2 in 500 μL of 90 mM sodium acetate buffer (pH 5.0) at 40°C for 24 h. The reaction mixtures were heated at 100°C for 5 min, and the samples obtained were then analyzed by TLC on a Silica Gel 60 plate (Merck, Darmstadt, Germany) using developing solvent with 1-butanol/ethanol/water (2:2:1, v/v/v). The spots were detected by charring with 5% sulfuric acid in methanol.
Crystallization, data collection, and structure determination
The purified AQY/VNE and Del11 proteins were concentrated to 15 mg/mL in 10 mM Tris-HCl (pH 7.5) using an Amicon Ultra-15 centrifugal unit (Merck Millipore, Darmstadt, Germany). The enzymes were crystallized at 20°C using the hanging drop vapor diffusion method, where 1 μL protein was mixed with the same volume of well solution containing 20% 2-methyl-2,4-pentanediol, 20% polyethylene glycol 6000, and 40 mM 2-(N-morpholino) ethanesulfonic acid-NaOH buffer (pH 6.1). The solution also worked as the cryoprotectant, and the crystals were flash-cooled in liquid nitrogen. Diffraction data were collected at an AR-NW12A beamline (Photon Factory, Tsukuba, Japan). Data images were processed and scaled using iMosflm [20] . The structures were solved by the molecular replacement method with MOLREP [21] in the CCP4 program suite [22] and a model of WT [Protein Data Bank (PDB) ID: 1JI1] [13] was employed as a probe model. Refinement was performed using REFMAC5 [23] in the CCP4 suite, and manual adjustment and rebuilding of the model were carried out using COOT [24] . The Ramachandran plot was calculated with the structure validation program RAMPAGE [25] in the CCP4 suite. The figures were produced using PyMOL (http://www.pymol. org/). The data collection and refinement statistics are summarized in Table 2 . The coordinates and structure factors were deposited in the PDB under the accession codes 5Z0T and 5Z0U.
Results
Actions of TVA I variants
To analyze the changes in the substrate preference of Del11 and AQY/VNE, three TVA I variants, A357V, A357L, and Y360A were constructed, and kinetic parameters of the variants for pullulan, maltotriose, and isopanose were determined. The k cat /K m values of A357V and A357L for all these substrates were lower than those of WT, Del11, and AQY/VNE [11] . In particular, the k cat /K m value of A357V for maltotriose (0. ). The actions of A357V, A357L, and Y360A on pullulan and on a hexasaccharide, P2 (structure of P2 is shown in Fig. 2A) were analyzed by TLC. The mobility of an oligosaccharide containing α-1,6-glucosidic linkages is less than that of a sugar of equal molecular weight containing α-1,4-glucosidic linkages. The WT and Y360A produced panose from both pullulan and P2, meaning that WT and Y360A cleave pullulan and P2 at the α-1,4-glucosidic linkages indicated by black arrows in Figure 2A . Both A357V and A357L produced maltotriose from pullulan, and produced a mixture of maltose and isomaltosyl-α-1,4-maltose (IMM) from P2. These results suggest that A357V and A357L cleave pullulan and P2 at the α-1,6-glucosidic linkages indicated by white arrows in Figure 2A . Together with the results of kinetic measurements and TLC analysis, these findings show that the activities of A357V and A357L for α-1,4-glucosidic linkages were specifically lower than that of WT, whereas the activities of Y360A for both α-1,4-glucosidic linkages and α-1,6-glucosidic linkages were equally lower than those of WT. a The values for the highest-resolution shells are listed in parentheses.
Structure of TVA I variants and comparison of AQY/VNE with WT
The crystal structures of AQY/VNE and Del11 were determined at resolutions of 1.5 Å and 1.37 Å, respectively. The crystal structure of AQY/VNE was almost isomorphous with that of WT, and two TVA I molecules were seen in the asymmetric unit. In contrast, the unit cell parameters of the Del11 crystal were different from those of AQY/VNE, and the crystal contained one molecule in an asymmetric unit. One 2-methyl-2,4-pentanediol molecule, which was used as a crystallization agent, and three calcium ions were found in each TVA I molecule in both AQY/VNE and Del11. The Ramachandran plot showed that no amino acid residues were present as outliers in both AQY/VNE and Del11. TVA I is composed of four domains; an N-terminal β-sandwich designated domain N in addition to the three common domains in GH13 enzymes, A, B, and C (Fig. 1B) . Three catalytic residues, Asp356, Glu396, and Asp472, have been identified as a catalytic nucleophile, a general acid/ base catalyst, and a transition-state stabilizer, respectively. The structures of AQY/VNE and WT (PDB ID: 1JI1; 1.6-Å resolution [13] ) were compared. The crystals of both AQY/ VNE and WT contain two TVA I molecules (Mol-A and Mol-B) in the asymmetric unit, and there is no significant difference between Mol-A and Mol-B. We therefore compared Mol-A of AQY/VNE and WT (Fig. 3) . The model of isomaltose (Glc-1 and Glc+1 in Fig. 3 ) was obtained from the coordinate of TVA I 356N/E396Q variant complexed with P2 (PDB ID: 2D0H) [26] , and is placed on the structures. The root mean square deviation between AQY/ VNE and WT is 0.16 Å for main chain atoms, and the two structures are essentially identical except for the mutated residues. The most notable difference between AQY/VNE and WT is that the Cα atom of the 357 th residue shifts by 0.6 Å. The distance between Val357-Cγ1 in AQY/VNE and atom C6 in the model of Glc+1 is 2.1 Å. Additionally, the Tyr360-Oη atom in the WT is oriented toward the catalytic cleft and forms a hydrogen bond with the substrate, whereas the Glu360-Oε2 atom in AQY/VNE is oriented away from the catalytic cleft and forms a hydrogen bond with Asn367-Nδ2.
Conformational change in Del11
The structure of WT shows that Loop-11 does not directly interact with the substrate, and that three main chain atoms, Asn364-N, Gly365-N, and Asn366-O in Loop-11 form hydrogen bonds with Asn320-Oδ1, Thr299-Oγ1, and Lys318-Nζ in domain B, respectively (Fig. 4A) . The structure of a Loop-11-deletion mutant, Del11, showed a large conformational difference in domain B between WT and Del11. The structures of WT, Del11, and D356N/E396Q (PDB ID: 2D0H) [26] were compared. The root mean square deviation between WT and Del11 is 0.55 Å for main chain atoms, and that between Del11 and D356N/E396Q is 0.95 Å. Residues from the β3 strand to α3 helix of WT, Del11, and D356N/E396N are illustrated in Figure 4B , showing that domain B exhibits a rigid-body motion. The region around Pro304 is the most drastically shifted, and the shifts of atom Pro304-Cδ are 1.6-1.7 Å.
Residues located in the catalytic cleft are shown in Figure 4C . The structures of three catalytic residues, Asp356, Glu396, and Asp472, and also the residues in subsite -1, Ala357, Gln359, and Tyr360, are essentially identical among WT, Del11, and D356N/E396Q, regardless of the rigid-body motion of domain B. In contrast, Phe310 and Phe313, which are involved in subsites +1 and -2, are shifted toward the catalytic cleft; the shift distances of Phe310-Cζ and Phe313-Cζ are 0.8 Å and 1.3 Å, respectively.
Discussion
The kinetic measurements of A357V, A357L, and Y360A showed decreased k cat /K m values for all the substrates; however, the substrate preferences of A357V, A357L, and Y360A were different from each other. The activities of A357V and A357L for α-1,4-glucosidic linkages were drastically decreased, and the two variants mainly hydrolyzed the α-1,6-glucosidic linkages of pullulan ( Table 1 ). The Ala357 is located immediately adjacent to the catalytic residue Asp356, therefore it is likely that the substitution of Ala357 leads to the drastic changes in the activity of TVA I. The comparison between AQY/VNE and WT shows that the Cα atom of the 357 th residue shifts by 0.6 Å (Fig. 3) , probably because of steric interactions between the 357 th residue and the neighbor residues, Phe310 and Asp356; the distance between Ala357-Cβ and Phe310-Cε1 is 3.7 Å, and that between Ala357-Cβ and Asp356-Oδ is 3.8 Å.
The distance between Val357-Cγ1 in AQY/VNE and atom C6 in the model of Glc+1 is 2.1 Å (Fig. 3) , indicating that the side-chain of Val357 slightly clashes with the model of isomaltose unit. This finding suggests that replacement of the 357 th residue located in subsite +1 by bulky amino acids results in decreased activity for α-1,4-glucosidic linkages, as the atoms between C1 and C4 in α-1,4-glucosidic linkage are more packed than the corresponding atoms between C1 and C5 in α-1,6-glucosidic linkage. Similar observations have been reported in other GH13 enzymes, TVA II [17] and Saccharomyces cerevisiae isomaltase [16, 27] , and the results here indicate that in TVA I, Ala357, which follows the catalytic nucleophile aspartic acid, is an important residue determining substrate preference.
The k cat /K m values of A357V and A357L for isopanose were, however, decreased to 10.7% and 0.44%, respectively, indicating that the activities of A357V and A357L for α-1,6-glucosidic linkages were also much lower than that of WT, whereas the k cat /K m value of AQY/VNE for isopanose was 55.1%. However, the influences of the 359 th and 360 th residues on the activity cannot be readily explained. The 357 th residue appears to be flexible since the positions of Cα atom of WT and A357V were different by 0.6 Å. One possible explanation is that the type of residue present at the 359 th and 360 th positions affect the conformation of the 357 th residue. The structure of Del11 indicates that the deletion of Loop-11 induces a large conformational change in domain B, and the side-chain of Phe310 shifted toward the catalytic cleft. The surface models of the catalytic cleft of WT, AQY/VNE, Del11, and 356N/E396Q in complex with the isomaltose unit were compared (Fig. 5) . The Phe310 is located adjacent to Ala357 and the catalytic residue Asp356, and the three residues are present between subsites -1 and +1 (Fig. 5A) . As mentioned earlier, Val357 of AQY/VNE results in steric hindrance with α-1,6-glucosidic linkage at the hydrolyzing site of isomaltose unit (Fig.  5B) . Likewise, Phe310 of Del11 sterically clashes with α-1,6-glucosidic linkage at the hydrolyzing site, since the distance between Phe310-Cζ and atom C6 in the model of Glc+1 is 2.2 Å, due to the conformational change in domain B of Del11 (Fig. 5C ), while the corresponding distance in WT is 3.0 Å (Fig. 5A) . The catalytic cleft between subsites -1 and +1 of Del11 is thus narrowed, and this narrow cleft is likely to result in decreased activity for the α-1,4-glucosidic linkage, as in the case of A357V.
The catalytic cleft adopts a more open conformation in D356N/E396Q than in WT (Fig. 5D) , suggesting similar conformational changes might occur during the catalysis of TVA I. The function of Loop-11 in catalysis is unclear at a glance, as Loop-11 does not appear to interact with the substrate. Loop-11 is an insertion between the β4 strand and the α4 helix, and appears as an extended region of domain B. There is no corresponding loop in TVA II [5] , whereas a large loop (indicated by the blue arrow in Fig. 6 ) that is present in the corresponding region of isomaltase [28] is virtually composed of an extended region of domain B. It is likely that, in some GH13 enzymes, the loop located between the β4 strand and the α4 helix behaves as an accessory of domain B and influences the flexibility of domain B. 
